The vacuum tube transportation (VTT) system has been a promising direction of future transportation. Within this system, a high-speed maglev travels in a low-vacuum environment to reduce aerodynamic drag. However, the heat dissipation of on-board heating devices will be compromised under low-vacuum conditions, and the device performance may thus be lowered. This study investigates the low-vacuum conjugate heat transfer characteristic of a levitation electromagnet module of a maglev using an experimentally verified numerical method. During the heating process, the surface temperature distribution of the levitation electromagnet, and the temperature and velocity characteristics of the flow field are examined. It is found that, as the vacuum level increases from 1.0 atm to 0.1 atm, the total heat dissipating from the levitation electromagnet module is decreased by 49% at 60 min, the contribution of convection heat flux over the total heat flux is decreased from 49% to 17%, and the convection heat transfer coefficient of the levitation electromagnet is decreased by 89%. This study can provide an efficient numerical model for low-vacuum heat transfer study on a VTT system as well as help the evaluation and optimization of low-vacuum maglev thermal management systems.
Introduction
Aerodynamic drag is a major source of resistance on operating high-speed trains. For trains operating at a speed of 350 km/h or higher, the aerodynamic drag takes more than 75% of the overall drag [1] [2] [3] . In order to reduce the aerodynamic drag, the vacuum tube transportation (VTT) system has been proposed. This system adopts a maglev train to eliminate the mechanical friction between rail and wheel. It also creates a low-vacuum environment such that the aerodynamic drag can be greatly reduced [4, 5] . Based on the demand for faster and more efficient high-speed railway transportation, various VTT system designs have been proposed [6] [7] [8] . Despite the huge reduction on aerodynamic resistance, the VTT systems are subjected to a new challenge: under low-vacuum conditions, the convection heat transfer between the heating source of the maglev and the environment will be compromised. This may lead to device overheating and in turn weaken device performances. For example, studies have shown that once the operating temperature of the levitation electromagnet exceeds the designed limit, permanent demagnetization will occur [9, 10] , and the levitation capacity of the maglev may be sabotaged.
The levitation electromagnet is a key component in a high-speed maglev system. Under operating mode, the input electric current serves for magnetic field generation, while energy loss from Joule heating will also inevitably occur. This Joule heating energy will accumulate within the electromagnet, causing a temperature rise and posing a potential threat on the lifespan of the device and the safety operation of the maglev [11, 12] . Compared to trains operating under 1.0 atm, when high-speed trains are operating at a low-vacuum environment, the heat dissipation rate is reduced [13, 14] and the maximum temperature of the device will be increased. In this way, the existing cooling design of the levitation electromagnets in the VTT system will be subjected to considerable challenge. Up to now, multiple studies have been conducted to investigate the thermal profile and temperature control solutions of on-board heating devices in maglev, which are based on either an enhanced passive cooling concept [15, 16] or an active cooling concept [17] .
Low-vacuum heat transfer has been widely investigated in scientific and engineering research [18] [19] [20] . Typical research approaches include experimental studies and numerical studies. The experimental tests are usually essential in evaluating the thermal properties of novel materials, such as the measurement of thermal conductivity and heat transfer coefficient of nanofilms under vacuum conditions [21] . Numerical studies can conveniently harvest data at any desired location or field and separate the different type of heat flux according to the transport mechanism. For example, the convection heat transfer coefficient [22] as well as the weight of convection and radiation heat transfer over the total of heat flux [23] can be calculated from numerical simulation method. In heat transfer studies related to high-speed trains, Luo et al. [24] and Ji et al. [25] obtained the contribution of convection heat flux and radiation heat flux of on-board heating units through numerical methods and proposed optimization designs. Up to date, the studies regarding cooling performance of on-board heating units on the trains are usually conducted under standard atmosphere pressure. The low-vacuum heat transfer studies for VTT trains are much less reported.
In the numerical methods related to the conjugate heat transfer problem, the key issue is the validity of the numerical model. Therefore, a large amount of conjugate heat transfer studies are based on numerical studies which have been verified by representative experimental tests [26] [27] [28] . This hybrid method can efficiently generate reliable results at relatively small cost. Hence, considering the model geometry and heat transfer mechanisms involved in this study, a combined numerical and experimental study method is used. There are several numerical approaches which can solve conjugate heat transfer problems. The Lattice Boltzmann Method (LBM) is efficient in dealing with numerical models with complex geometry as well as multiphase flow problems. This approach is widely applied in nanoscale fluid flow or porous media fluid flow problems [29, 30] . The Lagrangian meshless methods, such as the Smoothed Particle Hydrodynamics (SPH) method, can handle large-scale deformation of the fluid domain as well as large displacement in solid domains [31] . For the problems regarding conjugate heat transfer in subatmospheric conditions, when the Knudsen number is less than 0.01, the fluid domain can be treated as a continuum medium and the Finite Volume Method (FVM) is a relatively robust approach that has been widely used in numerical studies [32, 33] . When the Knudsen number is greater than 0.01, the fluid domain can no longer be treated as a continuum, such that the LBM method can be considered. The maximum Knudsen number appearing in this study has a value less than 0.01; therefore, the FVM method is chosen as the numerical approach in this study.
This study investigates the temperature rise process of a levitation electromagnet module in a maglev under different vacuum levels through an experimentally validated 3-dimensional numerical model. The least-favorable operating condition, which is the static levitation situation of the levitation electromagnet, is comprehensively investigated. Based on existing research conclusions and engineering applicability, the range of the vacuum level is set from 1.0 atm to 0.1 atm. Under the specified vacuum level range, the velocity and temperature distribution of the flow field, as well as the conjugate heat transfer characteristic in the fluid-solid interface, are analyzed. The influence of the flow field on the temperature profile of heating units is studied. By analyzing the convection heat flux and radiation heat flux under different vacuum levels, the low-vacuum heat transfer profile of the levitation electromagnet is characterized. The effective convection heat transfer coefficients under different vacuum levels are then calculated for evaluation of the influence of the vacuum level on the heat transfer characteristics.
Numerical Methods

Physical Model and Boundary Conditions
The geometric model of the levitation electromagnet module is shown in Figure 1a . This structure contains a complete set of levitation electromagnet units on one side of an electromagnet maglev car. The solid model in Figure 1a consists of 12 individual electromagnet units (EMU), which include 6 primary magnet units, 4 core-elevated magnet units and 2 end magnet units. The internal structure of the EMUs is complex. The system is constructed by an electromagnet coil, a steel core, epoxy, and glass fibers. All dimensions are normalized by the height of the EMU (H = 0.12 m). Within the levitation electromagnet module, M 1 -M 6 are the primary magnet units, H 1 -H 4 are the core-elevated magnet units, S 1 -S 2 are the end magnet units. P m and P d are the points on the M 3 surface, which is located near the gap region of M 2 and M 3 . Based on the objectives of this study, the following assumptions are made to reduce the complexity of the model: (1) The electromagnet coil is considered as one bulk material with homogeneous heating power distribution. (2) The electromagnet coil is assumed to be emitting heat in a constant rate, i.e., the temperature-related heating power change is neglected.
(3) For the heat transfer inside of the electromagnet module, since the epoxy functions as a bonding agent between different components, the contact thermal resistance in between the interface of the different solid materials is not considered. The material properties of each component in the levitation electromagnet module are shown in Table 1 .
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Numerical Methods
Physical Model and Boundary Conditions
The geometric model of the levitation electromagnet module is shown in Figure 1a . This structure contains a complete set of levitation electromagnet units on one side of an electromagnet maglev car. The solid model in Figure 1a consists of 12 individual electromagnet units (EMU), which include 6 primary magnet units, 4 core-elevated magnet units and 2 end magnet units. The internal structure of the EMUs is complex. The system is constructed by an electromagnet coil, a steel core, epoxy, and glass fibers. All dimensions are normalized by the height of the EMU (H = 0.12 m). Within the levitation electromagnet module, M1-M6 are the primary magnet units, H1-H4 are the coreelevated magnet units, S1-S2 are the end magnet units. Pm and Pd are the points on the M3 surface, which is located near the gap region of M2 and M3. Based on the objectives of this study, the following assumptions are made to reduce the complexity of the model: (1) The electromagnet coil is considered as one bulk material with homogeneous heating power distribution. (2) The electromagnet coil is assumed to be emitting heat in a constant rate, i.e., the temperature-related heating power change is neglected. (3) For the heat transfer inside of the electromagnet module, since the epoxy functions as a bonding agent between different components, the contact thermal resistance in between the interface of the different solid materials is not considered. The material properties of each component in the levitation electromagnet module are shown in Table 1 . The levitation electromagnet module model in Figure 1a is placed in a 166.67H × 28.33H × 28.33H cuboid space, as illustrated in Figure 1b . The bottom surface of the model is 8.33H above the ground and the geometric center of the model coincides with the geometric center of the cuboid in the horizontal plane (x-y plane in Figure 1b ). The initial pressure of the fluid region is assumed to be 0 Pa (gauge pressure) and the initial temperature of both the fluid and solid regions is 295 K, respectively, which is in agreement with the experimental setup. The boundary condition of the closed system is set as non-slip isothermal walls. 
Governing Equations
For fluids under low-vacuum conditions, the validity of fluid dynamic governing equation can be confirmed by the Knudsen number [34] . The definition of Knudsen number is shown in Equation (1),
where K n , K b , T f , d, p and L are Knudsen number, Boltzmann constant, fluid temperature, molecular diameter of the fluid, total pressure of fluid and characteristic length of the research object, respectively. In this study, L is the height of the magnet unit (H). Based on the parameters in this study, the maximum Knudsen number calculated from Equation (1) is 1.03 × 10 −4 , which is less than the reference threshold of 0.01. Therefore, the air in this study can be treated as a continuum. For studies on compressible viscous transient flow in natural convection, the continuity equation and the momentum equation can be expressed in the form of Equations (2) and (3), respectively.
where ρ f , t, v, a, I, and e represent the fluid density, reference time frame, velocity vector, surface vector, identity matrix and viscous stress tensor, respectively. f b is the buoyancy source term defined as ρ f − ρ r g, ρ r is the reference density and g is the gravitational acceleration vector. This study also involves the energy transfer process and therefore the energy equation needs to be applied to satisfy the conservation of energy requirement. The energy equations for the fluid and solid are shown in Equations (4) and (5), respectively,
where ρ s is the density of solid, q is the heat flux vector, E and H are the total energy and enthalpy per unit mass of fluid, and C ps is the specific heat of solid. S u represents the energy source terms. This energy source term includes the heat source from the coil and the heat flux from radiative heat transfer. The radiation heat flux is obtained by solving the radiative transfer equation, which can be written in the format of Equation (6):
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where r is the position vector andŝ is the unit vector into a given direction. I and I b are the radiative intensity and black body intensity, respectively. I b = n 2 σT s 4 /π, n is the absolute refractive index. For atmospheric and subatmospheric conditions, the refractive index of air is approximately 1. σ is the Stefan-Boltzmann constant and k a and k s are the absorption coefficient and scattering coefficient of the transport medium, respectively. Since air is the transport medium in this study, the value of k a and k s are assumed to be zero. β r is the extinction coefficient defined as k a + k s .ŝ denotes an incoming radiation direction. Ω is the solid angle of s . The boundary condition for radiative heat transfer is defined in the format of Equation (7),
where r w is the wall position vector and ε w is the surface emissivity. In this study, the surface emissivity of all solids is approximated to be 0.8, which is the weighted average of surface emissivity among all components. ρ w is the reflectivity and ε w + ρ w = 1. n is the surface normal. In the numerical model, the heat transfer within both fluid and solid domain obeys Fourier's law, which is formulated as q cd = −k∇T, where q cd is the conduction heat flux, k is the material's thermal conductivity tensor, and ∇T is the spatial temperature gradient.
The conjugate heat transfer method is applied to the fluid-solid interfaces [35] . The energy equation is then solved throughout the solid and fluid domain with implicit thermal coupling. Based on the conjugate heat transfer method, the convection heat transfer coefficient between fluid and solid is not required as the numerical model input. However, the convection heat transfer coefficient is very useful in evaluating the cooling performance of a heated object and can be directly applied to the numerical model when the computational capacity is limited. Therefore, in this study, the convection heat transfer coefficient is derived based on the numerical results according to Equation (8):
where h is the convection heat transfer coefficient, q cv is the convection heat flux. T s and T re f are the surface temperature and reference temperature of the fluid, respectively.
Numerical Procedure
In the buoyancy-driven natural convection flow, the intensity of flow can be categorized by the Rayleigh number [36, 37] . When Ra < 10 8 , the flow is laminar. When Ra > 10 10 , the natural convection flow will transform into a turbulent flow. The definition of Ra number is shown in Equation (9),
where g is the local gravitational acceleration and ∆T l is the characteristic temperature difference, which is set as 100 K in this study. β is the thermal expansion coefficient, v is the kinematic viscosity, and α is the thermal diffusivity of the fluid. According to Equation (9), the calculated maximum Rayleigh number in this study is 1.82 × 10 7 , which is less than 10 8 . Therefore, the fluid field follows a laminar flow pattern. In order to simulate conjugate heat transfer under a subatmospheric environment, the reference pressure of the fluid domain is set in the form of Equation (10) . According to the ideal gas law, under a fixed temperature the fluid density is proportional to the pressure. Therefore, the reference density of the air is set to match with the corresponding vacuum level, as shown in Equation (11) .
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In Equations (10) and (11), η is the ratio of environmental pressure to the atmospheric pressure, p r is the reference pressure, and p a and ρ a are the atmospheric pressure and air density at the atmospheric pressure, respectively.
The commercial code STAR-CCM+ is utilized to carry out the simulations. Both separated-flow and coupled-flow solvers have been used in this study. The results from both solvers exhibit little difference. However, the separated-flow solver requires less computational resources than the coupled-flow solver. Therefore, the separated-flow solver is used. The radiation model adapts DO model. Air is assumed to be the ideal gas. The effect of gravity is also taken into account in the numerical model. In the separated-flow solver, the second-order upwind scheme is adopted for the convection term of the equations. The SIMPLE algorithm is used in the overall solution. The second-order precision is used for time discretization. The time step used in this study is calculated by Equation (12) based on the theoretical study by Adrian [38] :
where τ is the time constant, Pr is Prandtl Number and U is the velocity scale. The minimum τ value for this study according to Equation (12) is 0.183 s. Based on the results from Equation (12), the iterative time steps of τ, τ/4 and τ/16 have been selected for the convergence test [39] . It is found that when the iterative time step is around 0.18 s, during the heating process, the fluctuation of convection heat transfer coefficient is not negligible. As the time step decreases to a level between 0.04 s and 0.01 s, the numerical stability on the convection heat transfer coefficient can be observed. Hence, the time step of 0.04 s is applied in this study. The stopping criteria for each time step is set as when the residues of continuity equation and velocity equation fall below 10 −3 and residues of energy equation fall below 10 −6 . The vacuum levels investigated in this study include 0.1 atm, 0.3 atm, 0.4atm, 0.5 atm and 1.0 atm.
Domain Discretization
The numerical model adopts a Cartesian grid system for the discretization of the computational domain through Star-CCM+ software, and some representative schematics of the grid system are shown in Figure 2 . An adapted boundary prism layer mesh is used for precise capture of thermal and velocity profiles within the boundary layer [40, 41] . For some small-scale geometries in the model, such as the air gap between each EMU, local mesh refinements are applied in order to accurately capture the temperature profile and heat transfer characteristic. Five prism layers with a first-layer thickness of 0.3 mm are generated on the fluid side near the fluid-solid interface to accurately capture the details of fluid flow and heat flux near the interface regions.
In order to check the mesh sensitivity and exploit the efficiency of the numerical method, three sets of mesh are generated with fine, medium and coarse grid levels, respectively. such as the air gap between each EMU, local mesh refinements are applied in order to accurately capture the temperature profile and heat transfer characteristic. Five prism layers with a first-layer thickness of 0.3 mm are generated on the fluid side near the fluid-solid interface to accurately capture the details of fluid flow and heat flux near the interface regions.
In order to check the mesh sensitivity and exploit the efficiency of the numerical method, three sets of mesh are generated with fine, medium and coarse grid levels, respectively. 
Experimental Validation
Experimental Setup
The experiment is conducted in a closed adiabatic system. The dimension of the system and the position of the levitation electromagnet module are exactly the same as illustrated in Figure 1 . The experimental pressure in the system is maintained at 40 kPa, which corresponds to approximately 0.4 atmosphere pressure. The heating of the electromagnet is controlled by a constant electrical current of 25 A. The resistance of the primary magnet units and core-elevated magnet units is 0.755 Ω while the resistance of the end magnet units is 0.574 Ω. The heating power of each type of magnet unit is shown in Table 1 . The heating power of the magnet units is calculated according to Joule's law:
where P v is the heating power per unit volume, I and R are the rated current and internal resistance of the magnet unit, respectively, and V is the volume of the coil. This heating power value used in the numerical model and the experimental study is based on the actual operating condition of the EMUs. The initial environmental and device temperature in the experiment is 295 K. The stopping criteria for the experiment is a temperature rise of 100 K in the maximum temperature point of throughout the levitation electromagnet surface. All the temperature measurements are made by T type thermocouples. An uncertainty analysis of temperature measurements was conducted to determine the uncertainty of the measured temperature. The total uncertainty value is given as follows [42] :
where δT m is the fluctuation of measured temperature, T m is the average temperature of measuring point, and δT 1 is caused by the accuracy of the T type thermocouples, which is ±0.5 K. δT 2 is caused by the accuracy of logger readings given by the manufacturer. The maximum contribution of the logger to the errors of T type thermocouples without compensation is ±1.1 K. δT 3 is caused by measurement error, which is ±0.5 K according to experimental test. According to Equation (13), the combined uncertainty is 1.3%.
Results Comparison and Analysis
According to all the temperature measurement results obtained from experiment, the point P m on M 3 has been identified as the maximum temperature point on the EMU surface. The 100 K temperature rise of the EMU takes 57 min. In the numerical simulation, the temperature distribution of the magnet surface is also monitored. The maximum temperature region appears near each EMU's four upper-corner surfaces, which is consistent with the experimental results.
The temperature rises of P m from both the numerical method and the experimental results are shown in Table 2 . The results given by the numerical simulations agree well with the experimental data. At the initial heating process, the temperature from the numerical results rises slightly faster than the experimental results. This is possibly caused by the following reasons: (1) A simplified model of the electromagnet coil system is used in the numerical simulation, while the actual heat source distribution of the coil may not be completely homogeneous and is likely to have a greater temperature near the core area. This actual configuration may result in a lower temperature on the magnet surface.
(2) The numerical simulation assumes zero contact thermal resistance so that the heat from the heating coil is conducted to the EMU surface in a faster rate than the experiment. The difference between the experimental data and the numerical results from medium meshes is 2.1%. Considering the accuracy and precision of the numerical calculation and the measurement error in experiments, it can be concluded that the numerical results agree well with the experimental results. As for the mesh sensitivity study, the medium and fine meshes reflect different levels of refinement on the coarse mesh. The grid numbers of each set of meshes is shown in Table 2 . By comparing the temperature rise curve of three sets of mesh to the experimental results, it is found that all mesh levels can match well with the experimental data. The difference between each level of mesh is trivial. Considering that the grid number of the coarse mesh is not sufficient to capture the flow and temperature distribution in the fluid domain, the medium mesh is selected as the discretization scheme of the fluid domain. From the experimental validation and the grid independence test, it can be concluded that the domain discretization parameter and numerical methodology used in this study are sufficient to yield accurate results.
Results and Discussion
Evolution of EMU Surface Temperature Profile during Heating Process
The levitation electromagnet module is heated under five different vacuum levels, where the 1.0 atm heating process can be treated as a reference for evaluating the reduction in heat dissipation and increase of maximum temperature caused by vacuum environment. During the heating process, the maximum temperature rise on each type of EMU is shown in Table 3 . For each vacuum level, the EMUs are heated for 60 min. The maximum temperature rise profiles of EMUs exhibit a symmetrical pattern due to the symmetrical distribution of the levitation electromagnet module. In the first 10 min of the heating process, the temperature differences among the 3 types of EMUs are small. After 10 min heating, the temperature rise of the end magnet units appear to be slower than that of the primary magnet units and core-elevated magnet units. This is because the end magnet units are located on both sides of the levitation electromagnet module as illustrated in Figure 1a . The heated air around the end magnet units has more sufficient space for convection heat flow, which in turn lowers the temperature of air near the fluid-solid interface on the end magnet unit and results in a better cooling. Meanwhile, the end magnet units have a lower heat-generation rate than that of the primary magnet units and core-elevated magnet units. This is another reason for the low temperature in the end magnet units. After 20 min of heating, the maximum temperature of the core-elevated magnet units gradually appears to have a slower increase speed than the primary magnet units. This is because the core-elevated magnet unit has an extruded top structure (as shown in Figure 2 ), which provides more surface area for heat dissipation. Therefore, the primary magnet unit in the levitation electromagnet module is the most likely to have overheating problems among all the EMUs. In order to further analyze the temperature distribution of the primary magnet units, the maximum temperatures of all the 6 primary magnet units after 60 min of heating are shown in Table 4 . According to the results in Table 4 , M 1 and M 6 have the maximum temperature rise, followed by M 2 and M 5 , while M 3 and M 4 have the lowest temperature rises among all the heating magnet units. It should be noted that in the experimental section, it is mentioned that the maximum-temperature point appears at point P m on M 3 . However in the simulation analysis it is found that the maximum temperature among EMUs appears at M 1 and M 6 . This is because the thermocouple in the experiment was not placed at an exact position with the maximum temperature in M 1 and M 6 . However, the vertical height of point P m does agree with the height of the maximum-temperature points in M 1 and M 6 . In order to explain the temperature difference between EMUs, local temperature and velocity contours in the gap region of EMUs are shown in Figure 3 . According to the velocity contour in Figure 3a ,b, the heated air is driven by buoyancy force and flow towards the upper part of the fluid domain. This buoyancy flow therefore creates a low-pressure region on the lower part of the levitation electromagnet, and the low-pressure region is then filled by the unheated air on the bottom part of the fluid domain. This phenomenon explains the cause of spatial variance of temperature in the fluid domain. Additionally, it can be observed from Figure 3a that a local flow separation between H 2 and M 1 is formed. The flow velocity is decreased due to the increase in cross section near the flow separation region depicted in Figure 3a , the convection heat flow on the side of M 1 is then compromised and therefore leads to a higher temperature of the M 1 unit. The phenomenon shown in Figure 3a ,c can also be observed between M 6 and H 3 . As for the air-gap region between M 3 and M 4 , the buoyance-driven flow has a higher speed than the region between H 2 and M 1 , which in turn leads to a lower fluid temperature and better cooling performance. This explains the variance of maximum temperature among EMUs as shown in Table 4 . Based on the analysis above, the M 6 unit is selected for the proceeding quantitative analysis on thermal characteristics of EMUs.
The heat dissipation of the levitation electromagnet is influenced by the convection heat flux and radiation heat flux on the solid-fluid interface. These factors contributed to three different temperature profiles on the surface of each EMU during the heating process. Figure 4 shows the surface temperature distribution of M 6 during the heating process at some representative time frames and vacuum levels. The three reference time frames are selected as t 1 , t 2 and t 3 , where t 1 = 3 min, t 2 =10 min and t 3 = 60 min. 
Influence of Vacuum Level on Temperature Distribution of EMU Surface and Fluid Field
Based on the results in the reference case (1.0 atm), under standard atmosphere pressure, the convection heat transfer flux takes 49% of the total heat flux at 60 min. At a low-vacuum environment, the convection heat transfer will be compromised with the decrease of air density. Therefore, it is important to investigate the influence of vacuum level on the EMU temperature rise. The influence of vacuum level on temperature distribution of M6 can be compared in each row of Figure 4 , in that 
Based on the results in the reference case (1.0 atm), under standard atmosphere pressure, the convection heat transfer flux takes 49% of the total heat flux at 60 min. At a low-vacuum environment, the convection heat transfer will be compromised with the decrease of air density. Therefore, it is important to investigate the influence of vacuum level on the EMU temperature rise. The influence of vacuum level on temperature distribution of M6 can be compared in each row of Figure 4 , in that At the initial heating process t 1 , the heating of the EMU is relatively homogeneous. Only small a temperature rise can be observed on the unit surface except for the regions near the EMU's heating coil. Between time t 1 and t 2 , under the influence of buoyancy flow, the upper part of each EMU is subjected to higher environmental temperature, therefore leading to the concentration of a high-temperature area around the unit's upper surface. During this time period, the maximum temperature rise appears on the side surface in the junctions of two adjacent units. On the top surface of the magnet, as the heat flux conducts from the coil to the core structure, concentric thermal contours are formed.
After 60 min of heating, a relatively steady thermal state has been reached on the EMU surface. The temperature gradient in the fluid domain becomes greater during the heating process due to inadequate convection heat transfer. As a result, the accumulated heat in the EMU leads to a further concentration of a high-temperature region and higher temperature variance around the EMU surface. Among the unit's surface, the maximum temperature rise appears near the magnet coil's four upper corners, which agrees with the experimental result. The temperature distribution profile on the surface of the EMU is influenced by the unit's adjacent unit structure, where the neighboring unit types of M 6 are the primary magnet unit and the core-elevated magnet unit, according to Figure 1 . The different type of neighboring EMU will result in different thermal contours on the side of M 6 .
Based on the results in the reference case (1.0 atm), under standard atmosphere pressure, the convection heat transfer flux takes 49% of the total heat flux at 60 min. At a low-vacuum environment, the convection heat transfer will be compromised with the decrease of air density. Therefore, it is important to investigate the influence of vacuum level on the EMU temperature rise. The influence of vacuum level on temperature distribution of M 6 can be compared in each row of Figure 4 , in that each row in Figure 4 represents the surface temperature profile of M 6 under different vacuum levels at the same reference time frame of the heating process. According to the comparison results, it is found that the maximum temperature in the EMU becomes higher along with the decrease of environmental pressure as a result of weakened convection heat transfer. After 3 min of heating, the magnet surface under 0.1 atm and 0.3 atm has a higher maximum temperature gradient than that under 1.0 atm. This difference in temperature gradient under different vacuum levels becomes more obvious over time. After 10 min of heating, a high-temperature region can be observed on the side of the magnet unit for 0.1 atm and 0.3 atm heating cases. However, this high-temperature region is not very obvious for the magnet unit heating under 1.0 atm. The temperature of air around the EMU surface is also increased in low-pressure cases due to the elevated temperature of the EMU surface.
The influence of vacuum level on the convection heat transfer is also reflected on the flow field around the levitation electromagnet. Figure 5 shows the flow velocity distribution on the symmetric plane of the fluid domain that is perpendicular to the y direction according to Figure 1b . The EMUs in Figure 5 are heated for 60 min at two different vacuum levels. It can be observed that during the heating process, the buoyancy force drives the heat flow upwards, and the low-pressure region created by the heat flow is filled by the unheated air. In this way, some mid-scale circulation flow can be observed in the fluid domain.
Compared with the flow field under 0.1 atm, the fluid convection under 1.0 atm has a larger impact area. Meanwhile, the velocity vector above the levitation electromagnet has a relatively uniform upward alignment direction. This is because the buoyancy flow becomes the dominant flow type and its intensity is proportional to the air density. With the increment of environmental pressure, the flow velocity on both sides of the levitation electromagnet also increases. Except for the surfaces that are located on both side of the air gaps between different EMUs, the rest of the side surfaces on the EMU gets a higher convection-induced cooling heat flux under a 1.0 atm case due to the more-adequate convection in the fluid domain. For the flow field above the top levitation electromagnet module, the flow velocity near the gap region is greater than the flow velocity above the EMUs' top surface. This is because the core of each EMU is not a power source and therefore has a relatively low temperature, which in turn results in a much weaker buoyancy force than the air-gap region. This phenomenon gets more significant as the environmental pressure increases.
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The influence of vacuum level on the convection heat transfer is also reflected on the flow field around the levitation electromagnet. Figure 5 shows the flow velocity distribution on the symmetric plane of the fluid domain that is perpendicular to the y direction according to Figure 1b . The EMUs in Figure 5 are heated for 60 min at two different vacuum levels. It can be observed that during the heating process, the buoyancy force drives the heat flow upwards, and the low-pressure region created by the heat flow is filled by the unheated air. In this way, some mid-scale circulation flow can be observed in the fluid domain. Compared with the flow field under 0.1 atm, the fluid convection under 1.0 atm has a larger impact area. Meanwhile, the velocity vector above the levitation electromagnet has a relatively uniform upward alignment direction. This is because the buoyancy flow becomes the dominant flow type and its intensity is proportional to the air density. With the increment of environmental pressure, the flow velocity on both sides of the levitation electromagnet also increases. Except for the surfaces that are located on both side of the air gaps between different EMUs, the rest of the side surfaces on the EMU gets a higher convection-induced cooling heat flux under a 1.0 atm case due to the moreadequate convection in the fluid domain. For the flow field above the top levitation electromagnet module, the flow velocity near the gap region is greater than the flow velocity above the EMUs' top The effect of natural convection on temperature distribution of the flow field around the levitation electromagnet is then analyzed. Figure 6 shows the temperature and temperature gradient along the surface's outer-normal direction of measuring point P d . The horizontal axis represents the location at different distances away from the measurement points along the surface's outer-normal direction (referred in Figure 6 as Y distance). It is shown that under low-pressure conditions, the space variance of the temperature gradient magnitude becomes smaller. In low-pressure cases, the temperature gradient along the surface normal direction tends to decrease in a linear trend. surface. This is because the core of each EMU is not a power source and therefore has a relatively low temperature, which in turn results in a much weaker buoyancy force than the air-gap region. This phenomenon gets more significant as the environmental pressure increases.
The effect of natural convection on temperature distribution of the flow field around the levitation electromagnet is then analyzed. Figure 6 shows the temperature and temperature gradient along the surface's outer-normal direction of measuring point Pd. The horizontal axis represents the location at different distances away from the measurement points along the surface's outer-normal direction (referred in Figure 6 as Y distance). It is shown that under low-pressure conditions, the space variance of the temperature gradient magnitude becomes smaller. In low-pressure cases, the temperature gradient along the surface normal direction tends to decrease in a linear trend.
For all cases investigated in this study, the maximum temperature gradient appears near the fluid-solid interface region. The maximum absolute value of temperature gradient under 0.1 atm is 0.59 K/mm. Compared with the maximum temperature gradient under 1.0 atm, which is 2.55 K/mm, the lowered environmental pressure has led to a 77% decrease of the absolute value of the temperature gradient. This indicates that the lowered pressure has also caused the decrease of convection buoyancy flow in the flow field, which further worsened the heat dissipation of the levitation electromagnet module. The low-vacuum environment has resulted in reduced convection heat flux and therefore leads to a faster heating process of the levitation electromagnet module. Figure 7 gives the temperature rise curve of the maximum temperature point on the EMU surface during the heating process under different vacuum levels. As the environmental pressure decreases, the time-temperature curve exhibits a higher increase rate. The 100 K temperature rise process under 0.1 atm takes approximately For all cases investigated in this study, the maximum temperature gradient appears near the fluid-solid interface region. The maximum absolute value of temperature gradient under 0.1 atm is 0.59 K/mm. Compared with the maximum temperature gradient under 1.0 atm, which is 2.55 K/mm, the lowered environmental pressure has led to a 77% decrease of the absolute value of the temperature gradient. This indicates that the lowered pressure has also caused the decrease of convection buoyancy flow in the flow field, which further worsened the heat dissipation of the levitation electromagnet module.
The low-vacuum environment has resulted in reduced convection heat flux and therefore leads to a faster heating process of the levitation electromagnet module. Figure 7 gives the temperature rise curve of the maximum temperature point on the EMU surface during the heating process under different vacuum levels. As the environmental pressure decreases, the time-temperature curve exhibits a higher increase rate. The 100 K temperature rise process under 0.1 atm takes approximately 51 min, which is 23% faster compared to the temperature rise time at 1.0 atm. The summarized temperature rise time under different vacuum levels is shown in Table 5 . According to Table 5 , it can be concluded that, if the existing levitation electromagnet module is operating without additional cooling devices or methods, the operation time of the vacuum maglev should be limited to avoid device overheating. 
Influence of Vacuum Level on Heat Transfer Characteristics
It has been shown that the low-vacuum environment can significantly reduce the convection heat flux. Therefore, quantitative analysis of the vacuum level influence on convection heat transfer capacity is carried out. Figure 8 shows the averaged surface convection heat flux of the EMU during the heating process under different vacuum levels. The difference in convection heat flux magnitude gets bigger along the heating process. At the end of the heating process, the average surface convection heat flux of 1.0 atm and 0.1 atm are 644 W/m 2 and 104 W/m 2 , respectively, which indicates that the low-vacuum condition can cause an 84% reduction in heat flux. 
It has been shown that the low-vacuum environment can significantly reduce the convection heat flux. Therefore, quantitative analysis of the vacuum level influence on convection heat transfer capacity is carried out. Figure 8 shows the averaged surface convection heat flux of the EMU during the heating process under different vacuum levels. The difference in convection heat flux magnitude gets bigger along the heating process. At the end of the heating process, the average surface convection heat flux of 1.0 atm and 0.1 atm are 644 W/m 2 and 104 W/m 2 , respectively, which indicates that the low-vacuum condition can cause an 84% reduction in heat flux. heat flux. Therefore, quantitative analysis of the vacuum level influence on convection heat transfer capacity is carried out. Figure 8 shows the averaged surface convection heat flux of the EMU during the heating process under different vacuum levels. The difference in convection heat flux magnitude gets bigger along the heating process. At the end of the heating process, the average surface convection heat flux of 1.0 atm and 0.1 atm are 644 W/m 2 and 104 W/m 2 , respectively, which indicates that the low-vacuum condition can cause an 84% reduction in heat flux. As the vacuum level increases, the dominant heat dissipation approach under vacuum condition will transfer from convection heat transfer to radiation heat transfer. Figure 9 gives the quantitative description of the weight of convection heat transfer flux over the total heat transfer flux (Φ) under different vacuum levels. Under 1.0 atm, the convection heat flux takes 49% of the overall heat flux at 60 min. While under 0.1 atm, the convection heat transfer flux takes only 17% of the overall heat transfer flux. At each vacuum level, the percentage of convection heat flux firstly increases and then decreases along the heating process. This is because during the initial stage of magnet heating, the surface temperature rise is insignificant. According to the Stefan-Boltzmann law, the radiation heat flux is proportional to the 4th power of the temperature difference between the solid-fluid interface. In contrast, the convection heat flux is linearly proportional to this temperature difference. Therefore, during the heating process, when the temperature difference is small, the increase in radiation heat flux is insignificant. In contrast, the convection heat flux is more sensitive to the small temperature difference in the beginning stage. Thus, the curve in Figure 9 shows an increasing trend during the initial heating stage. As the temperature difference gradually builds up, the radiation heat flux increases significantly faster than the convection heat flux. This explains the decrease of Φ in Figure 9 . It can be seen from Figure 9 that due to the higher temperature rise rate of the levitation electromagnets in a low-pressure condition, the inflection points on the curve are also advanced in the x axis, which indicates that the low-vacuum condition facilitates the transition of convection heat flux to radiation heat flux. The appearing time of inflection point is shown in Table 6 . It can be concluded that the low-vacuum environment evidently lowered the convection heat flux of the levitation electromagnets. On the other hand, the temperature rise enhances the radiation heat flux of the levitation electromagnets. Table 6 . Appearance time of inflection point in Figure 9 . increases significantly faster than the convection heat flux. This explains the decrease of Φ in Figure  9 . It can be seen from Figure 9 that due to the higher temperature rise rate of the levitation electromagnets in a low-pressure condition, the inflection points on the curve are also advanced in the x axis, which indicates that the low-vacuum condition facilitates the transition of convection heat flux to radiation heat flux. The appearing time of inflection point is shown in Table 6 . It can be concluded that the low-vacuum environment evidently lowered the convection heat flux of the levitation electromagnets. On the other hand, the temperature rise enhances the radiation heat flux of the levitation electromagnets. The total heat flux is significantly reduced along with the pressure drop. Among all investigated scenarios, the proportions of convection heat flux at each vacuum level are all less than 50%. At 1.0 atm, the convection heat transfer and radiation heat transfer each takes approximately 50% of the overall heat flux. As the environmental pressure gets smaller, the radiation heat transfer becomes the dominant heat transfer approach. Under 0.1 atm, although the magnitude of radiation heat flux The total heat flux is significantly reduced along with the pressure drop. Among all investigated scenarios, the proportions of convection heat flux at each vacuum level are all less than 50%. At 1.0 atm, the convection heat transfer and radiation heat transfer each takes approximately 50% of the overall heat flux. As the environmental pressure gets smaller, the radiation heat transfer becomes the dominant heat transfer approach. Under 0.1 atm, although the magnitude of radiation heat flux decreases compared with higher pressure cases, the weight of radiation heat flux over the total heat flux increases significantly. The radiation heat flux takes more than 80% of the overall heat flux under 0.1 atm. Based on the results in this study, at low-vacuum conditions, the radiation heat flux serves as the dominant heat transfer approach. As the environmental pressure gets lower, the difference between convection heat flux and radiation heat flux gradually increases. Figure 10 shows the influence of vacuum level on accumulated total and convection heat through the magnet surface over different vacuum levels under selected time frame. As the vacuum level increases from 1.0 atm to 0.1 atm, the total heat dissipating from levitation electromagnet is decreased by 49% (with more than 80% reduction of convection heat). A regression analysis is conducted to better capture the trend. It is found that both the total heat and convection heat can be well represented by a quadratic equation which contains the vacuum level term. In Figure 10a , the fitted curve has an R 2 value greater than 0.999, while the fitted curve has an R 2 value greater than 0.996 in Figure 10b . Therefore, it can be concluded that the total heat and the convection heat are approximately proportional to the square of the vacuum level. decreases compared with higher pressure cases, the weight of radiation heat flux over the total heat flux increases significantly. The radiation heat flux takes more than 80% of the overall heat flux under 0.1 atm. Based on the results in this study, at low-vacuum conditions, the radiation heat flux serves as the dominant heat transfer approach. As the environmental pressure gets lower, the difference between convection heat flux and radiation heat flux gradually increases. Figure 10 shows the influence of vacuum level on accumulated total and convection heat through the magnet surface over different vacuum levels under selected time frame. As the vacuum level increases from 1.0 atm to 0.1 atm, the total heat dissipating from levitation electromagnet is decreased by 49% (with more than 80% reduction of convection heat). A regression analysis is conducted to better capture the trend. It is found that both the total heat and convection heat can be well represented by a quadratic equation which contains the vacuum level term. In Figure 10a , the fitted curve has an R 2 value greater than 0.999, while the fitted curve has an R 2 value greater than 0.996 in Figure 10b . Therefore, it can be concluded that the total heat and the convection heat are approximately proportional to the square of the vacuum level. The convection heat transfer coefficient reflects the magnitude of convection heat transfer through the solid-fluid interface. This coefficient is a simplification and approximation of rigorous mathematical derivation. In numerical study and industrial research on conjugate heat transfer problems, the application of convection heat flux can effectively reduce the computation time and cost. The convection heat transfer coefficient can be affected by many factors such as external flow The convection heat transfer coefficient reflects the magnitude of convection heat transfer through the solid-fluid interface. This coefficient is a simplification and approximation of rigorous mathematical derivation. In numerical study and industrial research on conjugate heat transfer problems, the application of convection heat flux can effectively reduce the computation time and cost. The convection heat transfer coefficient can be affected by many factors such as external flow type (laminar flow and turbulent flow) and temperature of the solid surface. Both factors make it very challenging to predict [43] . Experiments usually measure convection heat transfer coefficients based on calibrated samples under typical conditions. The derived convection heat transfer coefficients are then applied to the entire system subsequent research [44] . In this study, the effective convection heat transfer coefficient is derived based on the numerical results according to Equation (8) . The results show that during the heating process, under each vacuum level, the convection heat transfer coefficient has a variance of less than 10%. Therefore, a weighted average value of convection heat transfer coefficient is taken, this averaged convection heat transfer coefficient is referred as effective heat transfer coefficient (h e ). This effective convection heat transfer coefficient decreases with lowered environment pressure. Table 7 shows the effective convection heat transfer coefficient of the EMU under different vacuum levels. Figure 11 shows the regression analysis on effective convection heat transfer coefficient and the vacuum level. The results from regression analysis indicate that the effective convection heat transfer coefficient of EMUs is linearly proportional to the vacuum level. When the vacuum is reduced to 0.1 atm, the effective convection heat transfer coefficient is less than 0.5 W/(m 2 ·K). 
Conclusions
This study analyzed the low-vacuum heat dissipation process of a levitation electromagnet module in a maglev train. An experimentally verified numerical model has been established. A complete levitation electromagnet module, which contains 12 individual units, is used for thermal profile characterization. The numerical study on static heating of the levitation electromagnet is carried out under vacuum levels ranging from 0.1 atm to 1.0 atm. The flow field, temperature field of the fluid domain, the temperature distribution profile on the levitation electromagnet surface and heat transfer parameters during the heating process are characterized and analyzed.
Throughout this study, the high-temperature region in the levitation electromagnet module surface has been identified. During the heating process, the high-temperature area is located around four upper corners of each electromagnet unit in the levitation electromagnet module. With the 
Throughout this study, the high-temperature region in the levitation electromagnet module surface has been identified. During the heating process, the high-temperature area is located around four upper corners of each electromagnet unit in the levitation electromagnet module. With the reduction of environmental pressure, the temperature rise rate at the solid-fluid interface is significantly increased. Compared to 1.0 atm, the 100 K temperature rise process under 0.1 atm is shortened by 15.5 min, which indicates a 23% decrease in heating time. Meanwhile, it is found that at 1.0 atm, the radiation heat flux and convection heat flux from the heated levitation electromagnets are approximately equal. With the decrease of environmental pressure, the radiation heat transfer gradually becomes the dominant cooling heat flux. Under 0.1 atm, the radiation heat transfer takes more than 80% of the total heat flux. Meanwhile, this study derived the effective convection heat transfer coefficient under low-vacuum conditions. It is found that under the vacuum levels used in this study, the effective convection heat transfer coefficient varies between 0.4 W/(m 2 ·K) and 4.1 W/(m 2 ·K). A regression analysis is conducted between the effective convection heat transfer coefficient and vacuum level. As a result, a linear relationship between these two factors is established.
This study has pioneered the research on a maglev train cooling system capacity under low-vacuum conditions. The outcome of this research could serve as an important reference for the design of maglev trains in a VTT system. The temperature and heat transfer coefficient profile of the levitation electromagnet can help with the understanding on the influence of vacuum level on a maglev cooling system. Moreover, the high-temperature area on the levitation electromagnet module surface can guide the design and optimization of the maglev cooling system. The experimentally verified numerical method established in this study can serve as an efficient tool for analyzing the heat transfer of maglev trains under low-vacuum conditions.
